Introduction {#s0001}
============

Evading immune surveillance is an important hallmark of cancer. Several novel therapeutic approaches focus on rebuilding immune surveillance in the tumor microenvironment.[@cit0001] Accordingly, accumulating evidence suggests that several chemotherapeutic reagents can modulate the immune system and trigger a durable antitumor response through induction of immunogenic cell death (ICD).[@cit0002]^,^[@cit0003] ICD is characterized by the cell surface exposure or release of damage-associated molecular patterns (DAMPs) such as calreticulin,[@cit0004] HMGB1 (high mobility group box 1),[@cit0005] and adenosine triphosphate (ATP)[@cit0006] as cancer cells activate premortem stress programs and finally die. These cancer-derived DAMPs can activate antigen-presenting cells (e.g., dendritic cells \[DCs\]) to trigger a subsequent cytotoxic T lymphocyte response. Defining the mechanisms involved in ICD induced by different stimuli is essential to guide therapeutic intervention.

Spautin-1 was originally identified as an autophagy inhibitor in mammalian cells. Spautin-1 promotes the degradation of PIK3C3 (phosphatidylinositol 3-kinase catalytic subunit type 3, also termed Vps34 in yeast) complexes by inhibiting USP10 (ubiquitin specific peptidase 10) and USP13 (ubiquitin specific peptidase 13).[@cit0007] The PIK3C3 complex is one of the enzymatic complexes including the core components Beclin 1 (BECN1, also termed Atg6 in yeast) and ATG14 (autophagy related 14) that activate autophagy by promoting the nucleation of the phagophore.[@cit0008] Inhibition of PIK3C3 complex-mediated autophagy by spautin-1 induces breast cancer cell death under starvation conditions or enhances the anticancer activity of chemotherapy.[@cit0007]^,^[@cit0009] These findings support the notion that pro-survival autophagy may represent a major impediment to successful cancer therapy.[@cit0012]

In this study, we found that spautin-1 exhibited promising cancer-killing effects in certain cancer cell lines *in vitro* and in mouse xenografts. Surprisingly, the anticancer activity of spautin-1 was not dependent on autophagy inhibition. In contrast, spautin-1 induced BAD (BCL2 associated agonist of cell death)-dependent apoptosis, which contributes to ICD via release of TFAM (transcription factor A, mitochondrial). These findings reveal unexpected mechanistic features of spautin-1 with respect to cell death and antitumor immunity.

Results {#s0002}
=======

Spautin-1 exhibits selective cytotoxicity-independent autophagy {#s0002-0001}
---------------------------------------------------------------

To determine the anticancer activity of spautin-1, we assayed the cell viability of 18 human or mouse cancer cell lines that were exposed to different doses of spautin-1. In general, the tested colon (HCT116, CT26, and MC38), ovarian (HEY, OVCR3, and IGROV4), liver (HepG2), prostate (LNCaP and PC-3), and leukemia (HL-60, Jurkat, and K562) cancer cell lines were sensitive to spautin-1 compared to pancreatic (PANC02 and PANC2.03), cervical (HeLa), kidney (CC4), and breast (ZR-75--1 and MDA231) cancer cell lines under normal nutrition conditions ([Fig. 1A](#f0001){ref-type="fig"}). Spautin-1 inhibited starvation condition (Hanks\' balanced salt solution \[HBSS\] medium)-induced MAP1LC3B (microtubule associated protein 1 light chain 3 beta) puncta formation ([Fig. 1B](#f0001){ref-type="fig"}) and MAP1LC3B-II expression ([Fig. 1C](#f0001){ref-type="fig"}) in HCT116 and CT26 cells, supporting the idea that spautin-1 is an early stage autophagy inhibitor under starvation conditions.[@cit0007] As expected, chloroquine, a late stage autophagy inhibitor, increased MAP1LC3B-II protein levels in the absence or presence of HBSS ([Fig. 1C](#f0001){ref-type="fig"}). Unlike spautin-1, other potent early (3-methyladenine and LY294002) or late (chloroquine and bafilomycin A1) stage autophagy inhibitors did not significantly induce cell death in spautin-1-sensitive cells (HCT116, CT26, and PC-3) when administered alone ([Fig. 1D](#f0001){ref-type="fig"}). In stark contrast, these inhibitors increased oxaliplatin- or 5-fluorouracil-induced cell death in HCT116 or CT26 cells ([Fig. 1E](#f0001){ref-type="fig"}), supporting previous suggestions that autophagy plays a prosurvival role in the context of chemotherapy.[@cit0015]^,^[@cit0016] Additionally, knockdown of *Pik3 c3, Becn1, Usp10*, and *Usp13* by two efficient shRNAs ([Fig. 1F](#f0001){ref-type="fig"}) failed to affect the cytotoxic effect of spautin-1 on HCT116 cells ([Fig. 1G](#f0001){ref-type="fig"}). Moreover, overexpression of *Pik3 c3* or *Usp10* ([Fig. 1F](#f0001){ref-type="fig"}) did not rescue spautin-1-induced cytotoxicity ([Fig. 1G](#f0001){ref-type="fig"}) in *Pik3c3- or Usp10-*knockdown HCT116 cells. Altogether, these findings suggest that spautin-1 efficiently kills some cancer cell line through an effect that is independent from its autophagy-suppressive potential. Figure 1.Spautin-1 exhibits selective cytotoxicity-independent autophagy. (A) Indicated cancer cell lines were treated with spautin-1 (1, 3, and 10 µM) for 24 hours and cell viability was assayed (n = 3, \**p* \< 0.05 versus untreated group, ANOVA). (B) Image analysis of MAP1LC3B puncta formation in HCT116 and CT26 cells with or without HBSS and spautin-1 (10 uM) treatment for three hours (n = 3, \**p* \< 0.05 versus HBSS group, unpaired t-test). (C) Western blot analysis of MAP1LC3B expression in HCT116 cells with or without HBSS, spautin-1 (10 uM), and chloroquine (50 µM) treatment for three hours (n = 3, \**p* \< 0.05 versus HBSS group, unpaired t-test). (D) Indicated cells were treated with spautin-1 (10µM), 3-methyladenine (1 mM), LY294002 (1µM), chloroquine (50µM), and bafilomycin A1 (100 nM) for 24 hours and cell viability was assayed (n = 3, \**p* \< 0.05 versus untreated group, unpaired t-test). (E) Indicated cells were treated with oxaliplatin (50µM) or 5-fluorouracil (15µM) in the absence or presence of 3-methyladenine (1 mM), LY294002 (1µM), chloroquine (50µM), and bafilomycin A1 (100 nM) for 24 hours and then cell viability was assayed (n = 3, \**p* \< 0.05, ANOVA). (F) Q-PCR analysis gene expression in indicated HCT116 cells (n = 3, \**p* \< 0.05 versus control shRNA group, unpaired t-test). (G) Cell viability was assayed in indicated HCT116 cells following spautin-1(10 uM) treatment for 24 hours (n = 3).

Spautin-1 induces the intrinsic apoptotic pathway {#s0002-0002}
-------------------------------------------------

To determine whether the cytotoxicity of spautin-1 results from the induction of known pathways of regulated cell death, we evaluated the response of spautin-1-sensitive cancer cells in conditions known to interfere with well-described lethal pathways. Z-VAD-FMK, a cell-permeable pan-caspase inhibitor, significantly blocked spautin-1-induced cell death. In contrast, inhibitors of necroptosis (necrostatin-1 and necrosulfonamide) and ferroptosis (ferrostatin-1 and liproxstatin-1) failed to block spautin-1-induced cell death ([Fig. 2A](#f0002){ref-type="fig"}). Unlike apoptotic-deficient cells (*Bax^−/−^/Bak^−/-^* cells), genetic repression of necroptosis (*Ripk1^−/−^, Ripk3^−/−^*, and *Mlkl^−/−^* cells), as well as removal of a ferroptosis-related gene (*Gpx4^−/−^* cells) from immortalized fibroblast cell lines, had no influence on spautin-1-induced cell death ([Fig. 2B](#f0002){ref-type="fig"}). Furthermore, knockdown of effector caspases such as *Casp3*/*Caspase-3* (but not *Mlkl* and *Acsl4* \[acyl-CoA synthetase long chain family member 4, a driver of ferroptosis\][@cit0017]^,^[@cit0018]) by two individual shRNAs ([Fig. 2C](#f0002){ref-type="fig"}) reduced spatuin-1-induced death in colorectal cell lines from two different species, namely, humans (HCT116) and mice (CT26) ([Fig. 2D](#f0002){ref-type="fig"}). These findings support the idea that caspase-dependent apoptosis, but not necroptosis and ferroptosis, contributes to the cytotoxicity of spautin-1. Figure 2.Spautin-1 induces the intrinsic apoptotic pathway. (A) Indicated cancer cells were treated with spautin-1 (10µM) in the absence or presence of ZVAD-FMK (20 µM), necrostatin-1 (10 µM), necrosulfonamide (1 µM), ferrostatin-1 (500 nM), and liproxstatin-1 (200 nM) for 24 hours. Cell viability was assayed (n = 3, \**p* \< 0.05, unpaired t-test). (B) Indicated gene-deficient cells were treated with spautin-1 (10 µM) for 24 hours and cell viability was assayed (n = 3, \**p* \< 0.05, unpaired t-test). (C) Q-PCR analysis of indicated gene expression in indicated knockdown cells (n = 3, \**p* \< 0.05 versus control shRNA group, unpaired t-test). (D) Knockdown of Casp3, but not Mlkl and Acsl4, inhibited spautin-1-(10 uM, 24 h) induced cell death in HCT116 and CT26 cells (n = 3, \**p* \< 0.05 versus control shRNA group, unpaired t-test). (E) Western blot analysis of expression of indicated proteins in HCT116 and CT26 cells following treatment with spautin-1 (10 uM) or TRAIL (50 ng/ml) for 24 hours. (E-H) Analysis of mitochondrial membrane potential (JC-1), mitochondrial ROS (MitoSOX), and cytoplasmic cytochrome C levels in HCT116 and CT26 cells following treatment with spautin-1 (10 uM) in the absence or presence of Mito-TEMPO (10 uM) for 24 hours (n = 3, \**p* \< 0.05 versus spautin-1 group, unpaired t-test). (I) Indicated cancer cells were treated with spautin-1 (10µM) in the absence or presence of Mito-TEMPO (10 uM) for 24 hours. Cell viability was assayed (n = 3, \**p* \< 0.05, unpaired t-test).

The two main pathways of apoptosis are the extrinsic cell death receptor and the intrinsic mitochondrial pathway, which can be initiated by different stimuli.[@cit0019] Western blots revealed that cleaved-CASP9/caspase-9 (a marker of the intrinsic pathway), but not cleaved-CASP8/caspase-8 (a marker of the extrinsic pathway) was increased following spautin-1 treatment in HCT116 or CT26 cells ([Fig. 2E](#f0002){ref-type="fig"}). Consistent with a previous report,[@cit0020] TRAIL caused the proteolytic maturation of both CASP8 and CASP9 in HCT116 cells ([Fig. 2E](#f0002){ref-type="fig"}). Moreover, intrinsic pathway mitochondrial events, such as the loss of mitochondrial membrane potential (monitoring using JC-1 dye, [Fig. 2F](#f0002){ref-type="fig"}), production of mitochondrial reactive oxygen species (ROS) (monitoring by means of the fluorescent sensor MitoSOX, [Fig. 2G](#f0002){ref-type="fig"}), and release of cytochrome *c* from mitochondria to the cytoplasm ([Fig. 2H](#f0002){ref-type="fig"}), were increased in colon cancer cells upon spautin-1 stimuli. Mito-TEMPO, a mitochondria-targeted antioxidant,[@cit0021] attenuated these mitochondrial events ([Fig. 2F-2H](#f0002){ref-type="fig"}) and reversed cell death ([Fig. 2I](#f0002){ref-type="fig"}) in response to spautin-1. These studies indicate that spautin-1-induced mitochondrial oxidative injury activates the intrinsic apoptotic pathway.

Upregulation of BAD facilitates spautin-1-induced apoptosis {#s0002-0003}
-----------------------------------------------------------

BCL2 family proteins play a fundamental role in the control of mitochondrial membrane permeability in apoptosis.[@cit0022] This group of structurally related proteins comprises pro-apoptotic (e.g., BAX \[BCL2 associated X, apoptosis regulator\], BAK \[BCL2 antagonist/killer\], BID \[BH3 interacting domain death agonist\], BCL2L11/BIM \[BCL2 like 11\], BBC3/PUMA \[BCL2 binding component 3\], and BAD) and anti-apoptotic members (e.g., BCL2 \[BCL2, apoptosis regulator\], BCL2L1/BCL-XL \[BCL2 like 1\], and MCL1 \[BCL2 family apoptosis regulator\]) that interact among each other. We therefore determined whether spautin-1 regulates the expression of BCL2 family members. Real-time quantitative PCR (Q-PCR) analysis indicated that the mRNA of *Bad*, but not the mRNAs of other BCL2 family members (*Bax, Bak, Bid, Bcl2l11, Bbc3, Bcl2, Bcl2l1*, and *Mcl1*), were upregulated in HCT116 and CT26 cells following spautin-1 treatment ([Fig. 3A](#f0003){ref-type="fig"}). Western blot analysis further confirmed that the protein expression of BAD (but not BBC3, BAX, BCL2L1, and BCL2) was dose-dependently induced by spautin-1 in HCT116 cells ([Fig. 3B](#f0003){ref-type="fig"}). Moreover, spautin-1-induced BAD mRNA upregulation was observed in other spautin-1-senstive cancer cell lines (HEY, HEPG2, LNCaP, and HL-60), but not spautin-1-resistant cancer cell lines (PANC02, HeLa, CC4, and ZR-75--1) ([Fig. 3C](#f0003){ref-type="fig"}), indicating a potential role for BAD in determining the sensitivity to spatuin-1. Figure 3.Upregulation of BAD facilitates spautin-1-induced apoptosis. (A) Q-PCR analysis of indicated gene expression in HCT116 and CT26 cells following treatment with spautin-1 (1, 3, and 10 µM) for 24 hours (n = 3, \*p \< 0.05 versus untreated group, unpaired t-test). (B) Western blot analysis of expression of indicated proteins in HCT116 cells following treatment with spautin-1 (1, 3, and 10 µM) for 24 hours. (C) Q-PCR analysis of Bad gene expression in indicated cancer cells following treatment with spautin-1 (10 µM) for 24 hours (n = 3, \*p \< 0.05 versus untreated group, unpaired t-test). (D) Q-PCR analysis of Bad gene expression in indicated Bad knockdown cancer cells (n = 3, \*p \< 0.05 versus control shRNA group, unpaired t-test). (E) Knockdown of Bad inhibited spautin-1-(10 µM) induced cell death in indicated cells (n = 3, \*p \< 0.05 versus control shRNA group, unpaired t-test). (F) Q-PCR analysis of Bad gene expression in indicated Bad knockin cancer cells (n = 3, \*p \< 0.05 versus control cDNA group, unpaired t-test). (G) Knockin of Bad increased spautin-1-(10 µM) induced cell death in HeLa and CC4 cells (n = 3, \*p \< 0.05 versus control cDNA group, unpaired t-test).

Further experiments were performed to determine whether a change in BAD expression would affect spautin-1 activity. Knockdown of *Bad* by specific shRNAs ([Fig. 3D](#f0003){ref-type="fig"}) inhibited spautin-1-induced cell death ([Fig. 3E](#f0003){ref-type="fig"}) in HCT116, CT26, and HEY cell lines. Moreover, the transfection-enforced increase of BAD expression ([Fig. 3F](#f0003){ref-type="fig"}) restored spautin-1 sensitivity in HeLa and CC4 cell lines; these effects were inhibited by Z-VAD-FMK and Mito-TEMPO ([Fig. 3G](#f0003){ref-type="fig"}). Altogether, these results indicate that BAD upregulation contributes to spautin-1-induced apoptosis.

JNK activation is required for spautin-1-induced BAD expression {#s0002-0004}
---------------------------------------------------------------

MAPK (mitogen-activated protein kinase) family members, including ERK (extracellular signal-regulated kinase), JNK (c-Jun N-terminal kinase), and p38 MAPK, play a complex role in the outcome and sensitivity to apoptotic stimuli.[@cit0023] Spautin-1 induced phosphorylation of JNK and p38 (but not ERK) in HCT116 and CT26 cells ([Fig. 4A](#f0004){ref-type="fig"}). Interestingly, pretreatment with JNK inhibitors such as SP600125 and CC-401 (but not p38 inhibitors \[SB203580 and SB239063\] and ERK inhibitors \[SCH772984 and LY3214996\]) blocked spautin-1-induced BAD upregulation ([Fig. 4B](#f0004){ref-type="fig"}) and subsequent death ([Fig. 4C](#f0004){ref-type="fig"}), indicating that JNK activation is required for spautin-1-induced BAD upregulation in apoptosis. Figure 4.JNK activation is required for spautin-1-induced BAD expression. (A) Western blot analysis of expression of indicated proteins in HCT116 and CT26 cells following treatment with spautin-1 (10 uM) for 24 hours. (B, C) Indicated cells were treated with spautin-1 (10 uM) in the absence or presence of SP600125 (500 nM), CC-401 (100 nM), SB203580 (1 uM), SB239063 (100 nM), SCH772984 (100 nM), and LY3214996 (50 nM) for 24 hours. Bad mRNA and cell viability were assayed (n = 3, \*p \< 0.05, unpaired t-test). (D) Western blot analysis of expression of indicated proteins in HCT116 and CT26 cells following treatment with spautin-1 (10 uM) in the absence or presence of SP600125 (500 nM) or CC-401 (100 nM) for 24 hours. (E) Q-PCR analysis of Jun gene expression in indicated Jun knockdown cancer cells (n = 3, \*p \< 0.05 versus control shRNA group, unpaired t-test). (F-I) Knockdown of Jun inhibited spautin-1-(10µM) induced Bad mRNA expression (F), cell death (G), Bad promoter activity (H), and CASP3 activity (I) in indicated cells (n = 3, \*p \< 0.05 versus control shRNA group, unpaired t-test).

Given that the transcriptional activity of JUN/c-Jun (Jun proto-oncogene, AP-1 transcription factor subunit) is regulated by JNK activation in cell death, we next investigated whether JUN regulates BAD expression.[@cit0024] SP600125 and CC-401 inhibited spautin-1-induced phosphorylation of JUN ([Fig. 4D](#f0004){ref-type="fig"}). Like pharmacologic inhibition of JNK, genetic knockdown of JUN by shRNA ([Fig. 4E](#f0004){ref-type="fig"}) blocked spautin-1-induced BAD upregulation ([Fig. 4F](#f0004){ref-type="fig"}) and subsequent death ([Fig. 4G](#f0004){ref-type="fig"}). These findings, in combination with further luciferase reporter-gene ([Fig. 4H](#f0004){ref-type="fig"}) and CASP3 activation ([Fig. 4I](#f0004){ref-type="fig"}) assays, indicate that BAD is a target gene of JUN, contributing to spautin-1-induced apoptosis.

Apoptotic signaling molecules are required for spautin-1-induced ICD {#s0002-0005}
--------------------------------------------------------------------

Accumulating evidence indicates that certain anticancer therapies can induce immunogenic apoptotic cell death through the release of DAMPs such as HMGB1 and ATP, which function as adjuvants to activate host antitumor immune responses.[@cit0005]^,^[@cit0006]^,^[@cit0025]^,^[@cit0026] Compared to treatment with oxaliplatin (a classical ICD inducer[@cit0027]), the release of ATP and HMGB1 was relatively sparse in HCT116 and CT26 cells responding to spatuin-1 ([Fig. 5A](#f0005){ref-type="fig"}). In contrast, the release of TFAM (a mitochondrial DAMP) was increased in response to spatuin-1 compared to oxaliplatin treatment ([Fig. 5A](#f0005){ref-type="fig"}). Knockdown of BAD and JUN ([Fig. 5B](#f0005){ref-type="fig"}) or administration of Z-VAD-FMK, SP600125, and CC-401 inhibited spautin-1-induced TFAM and HMGB1 release ([Fig. 5C](#f0005){ref-type="fig"}), indicating that apoptotic signaling is required for spautin-1-induced DAMP release. Figure 5.Apoptotic signaling molecules are required for spautin-1-induced ICD. (A) Analysis of ATP, HMGB1, and TFAM release in indicated cells following treatment with spautin-1 (10µM) or oxaliplatin (50µM) for 24 hours (n = 3, \*p \< 0.05 versus control group, unpaired t-test). (B) Knockdown of Bad or Jun inhibited spautin-1 (10µM, 24 hours)-induced HMGB1 and TFAM release in in indicated cells (n = 3, \*p \< 0.05 versus control shRNA group, unpaired t-test). (C) Administration of Z-VAD-FMK (20µM), SP600125 (500 nM), or CC-401 (100 nM) inhibited spautin-1 (10µM, 24 hours)-induced HMGB1 and TFAM release in in indicated cells (n = 3, \*p \< 0.05 versus spautin-1 group, unpaired t-test). (D) Anti-TFAM Ab (10 mg/ml), but not anti-HMGB1 Ab (10 mg/ml) or control IgG (10 mg/ml), inhibited DC2.4 cell migration in response to spautin-1-treated CT26 cells (n = 3, \*p \< 0.05 versus control group, unpaired t-test). (E) Anti-TFAM Ab (10 mg/ml), but not anti-HMGB1 Ab (10 mg/ml) or control IgG (10 mg/ml), inhibited CD80 and CD86 expression in DC2.4 cells in response to spautin-1-treated CT26 cells (n = 3, \*p \< 0.05 versus control group, unpaired t-test). (F) Anti-TFAM Ab (10 mg/ml), but not anti-HMGB1 Ab (10 mg/ml) or control IgG (10 mg/ml), inhibited IFN-γ release in mouse splenic CD8+ T cells in response to spautin-1-treated CT26 cells (n = 3, \*p \< 0.05 versus control group, unpaired t-test).

To determine whether HMGB1 and TFAM promote the recruitment and activation of antigen-presenting cells *in vitro*, we used the DC2.4 mouse DC line as a model to perform transwell cell invasion assay in response to supernatants of spautin-1-treated CT26 cells. These supernatants induce cell migration ([Fig. 5D](#f0005){ref-type="fig"}) and mRNA expression of costimulatory molecules (CD80 and CD86) ([Fig. 5E](#f0005){ref-type="fig"}) in DC2.4 cell lines. Neutralization of TFAM antibody, but not HMGB1, by specific antibodies, reduced supernatant-induced cell migration ([Fig. 5D](#f0005){ref-type="fig"}) and mRNA expression of CD80 and CD86 ([Fig. 5E](#f0005){ref-type="fig"}). Anti-TFAM antibody also abolished the capacity of spautin-1-treated CT26 cells to prime T cells for IFNG/IFN-γ (interferon gamma) production ([Fig. 5F](#f0005){ref-type="fig"}). In sum, these results raise the possibility that the release of TFAM contributes to spautin-1-induced ICD.

Spautin-1-induced ICD suppressed tumor growth in vivo {#s0002-0006}
-----------------------------------------------------

To determine whether spautin-1-induced ICD suppressed tumor growth *in vivo*, spautin-1-treated CT26 cells were injected subcutaneously into the right flank of immunocompetent BALB/c mice. Used as a tumor vaccine, spautin-1-treated CT26 were able to protect the majority of mice against rechallenge with live CT26 cells injected into the opposite flank one week later ([Fig. 6A](#f0006){ref-type="fig"}). As a positive control, oxaliplatin-treated CT26 cells vaccinated as efficiently as spautin-1-treated cells against cancer ([Fig. 6A](#f0006){ref-type="fig"}). Figure 6.Spautin-1-induced ICD suppressed tumor growth *in vivo*. (A) CT26 cells were treated with oxaliplatin (50µM) or spautin-1 (10µM) for 24 h *in vitro* before the subcutaneous injection of the dying cells in one flank. At day 7, mice were inoculated with live syngeneic tumor cells in the opposite flank and tumor growth was monitored. The percentage of tumor-free mice is indicated (n = 10 mice/group, \*p \< 0.05). (B) The depletion of TFAM or AGER (but not HMGB1 and control IgG \[data not shown\]) with a specific blocking antibody (20 mg/kg) abolished the capacity of spautin-1 treated tumor cells to vaccinate against CT26 tumor cells. The percentage of tumor-free mice is indicated (n = 10 mice/group, \*p \< 0.05). (C) The depletion of HMGB1 (but not TFAM and control IgG \[data not shown\]) with a specific blocking antibody (20 mg/kg) abolished the capacity of oxaliplatin-treated tumor cells to vaccinate against CT26 tumor cells. The percentage of tumor-free mice is indicated (n = 10 mice/group, \*p \< 0.05). (D, E) Analysis of expression of indicated cytokines and chemokines in tumor (D) and surface marker expression of CD8α^+^ CD11c\*^+^ DCs in spleens of treated mice at day 15 post-tumor inoculation in the setting of panel B (n = 5 mice/group, \*p \< 0.05, unpaired t-test). (F) Schematic summary of the mechanism and role of TFAM release in the mediated spautin-1-induced immunogenic apoptotic cell death.

Next, we investigated whether blocking TFAM activation would affect spautin-1-induced ICD. AGER/RAGE (advanced glycosylation end-product specific receptor) is a receptor of TFAM in immune cells.[@cit0028] When spautin-1-killed CT26 cells were co-administered together with anti-TFAM or anti-AGER antibodies (but not anti-HMGB1) they failed to elicit protection against CT26 cancers ([Fig. 6B](#f0006){ref-type="fig"}). This contrasts with the observation that anti-HMGB1 (but not anti-TFAM) antibody limited the cancer-protective activity of a vaccine composed by oxaliplatin-treated CT26 cells ([Fig. 6C](#f0006){ref-type="fig"}). These results confirm previous findings that HMGB1 is a mediator of oxaliplatin-induced ICD[@cit0005] at the same as they demonstrate the HMGB1 is not required for spautin-1-induced ICD.

To further characterize the influence of spautin-1 on the tumor microenvironment, we analyzed cytokine mRNA profiles in tumor tissue by Q-PCR. These studies revealed that spautin-1 treatment of established tumors increased mRNA levels of *Ifnb1/Ifn-β* (interferon beta 1), *Cxcl10* (C-X-C motif chemokine ligand 10), *Il12b/Il-12p40* (interleukin 12B), *Ifng, Il6/Il-6* (interleukin 6), and *Il5/Il-5* (interleukin 5), indicative of a proinflammatory mixed Th1/Th2 profile ([Fig. 6D](#f0006){ref-type="fig"}). Analysis of splenic CD8α+ DCs from spautin-1 treated mice revealed increased expression levels of CD69, CD80, CD86, and MHC-II (major histocompatibility complex, class II), indicative of a mature DC phenotype ([Fig. 6E](#f0006){ref-type="fig"}). Importantly, these effects were reversed by injection of antibodies neutralizing TFAM, AGER, but not HMGB1 ([Fig. 6D](#f0006){ref-type="fig"} and [6E](#f0006){ref-type="fig"}). Altogether, these results indicated that the TFAM-AGER pathway contributes to the immunogenicity of spautin-1-induced cell death.

Discussion {#s0003}
==========

Therapy-induced ICD has emerged as a powerful tool to boost the immune system to fight against cancer and infectious disease.[@cit0002] Although DAMPs play an essential role in mediating ICD as immune adjuvanticity, they may exhibit different dynamic behaviors under different death stimuli such as exposure of the endoplasmic reticulum chaperone calreticulin on the outer plasma membrane surface by early apoptotic cells, secretion of ATP by autophagic cells, and release of HMGB1 by late apoptotic or secondary necrotic cells. In this study, we demonstrate that TFAM could act as a specific mitochondrial DAMP involved in spatuin-1-induced immunogenic apoptotic cell death, therefore highlighting new mechanistic insights into ICD elicited by chemotherapeutics.

system driven by ATG proteins and their posttranslational modifications.[@cit0029] It plays dual roles in cancer biology[@cit0030] and can induce autophagic cell death that may generally act immunogenically.[@cit0006] Spautin-1 was initially studied in the inhibition of autophagy though degradation of components of PIK3C3 complexes, including BECN1.[@cit0007] Our results indicate that the anticancer activity of spautin-1 is not dependent on its known function in the suppression of autophagy and deubiquitinating enzymes. In contrast, spautin-1 may play a role in the induction of caspase-dependent apoptosis, but not other types of regulated cell death such as necroptosis and ferroptosis. In cells treated with spautin-1, we found that increased oxidative damage from mitochondria drives apoptosis through upregulation of BAD. BAD promotes apoptosis by displacing BAX from binding to BCL2 and BCL2L1, which finally results in the release of mitochondrial death inducers such as cytochrome c.[@cit0031] In contrast, the binding of BAD to 14--3-3 proteins limits the pro-apoptotic activity of BAD.[@cit0032]

Our findings confirm and extend the idea that the JNK pathway plays a critical role in various forms of apoptosis.[@cit0033] Activation of JNK can trigger apoptosis through at least two mechanisms: upregulation of pro-apoptotic genes via the transactivation of specific transcription factors, or direct phosphorylation of apoptotic regulators such as BCL2 family proteins, including BAD.[@cit0033] JNK-mediated BAD phosphorylation at Ser128 induces apoptosis in primary granule neurons of the rat cerebellum.[@cit0034] In contrast, JNK-mediated BAD phosphorylation at Thr201 limits interleukin-3 withdrawal-induced apoptosis in FL5.12 cells (a murine prolymphocytic cell line).[@cit0035] In this study, we indicate that JNK is one of the downstream effectors of spautin-1 and activation of JNK promotes apoptosis through JUN-dependent BAD expression in several solid cancer cell lines. Thus, the function of JNK in apoptosis is dependent on the cell type and stimulus used.

We provided additional data to support that TFAM is a new driver of immunogenic apoptotic cell death. TFAM is a highly abundant mitochondrial protein that is structurally related to HMGB1, the prototypical nuclear DAMP, in various types of cell death and tissue injury.[@cit0036] Although we observed an increase in the release of HMGB1, the contribution of HMGB1 to spautin-1-induced ICD seems to be limited. The immunity stimulatory activity of HMGB1 is defined by its release mechanism and redox status, as well as receptors.[@cit0037] For example, HMGB1 can be oxidized by ROS in apoptosis, thereby promoting tolerance.[@cit0038] Binding of HMGB1 to CD24 or HAVCR2/TIM3 (hepatitis A virus cellular receptor 2) also limits its immune activity in some cases.[@cit0039]^,^[@cit0040] As a mitochondrial DAMP, release of TFAM has been implicated in various immune and inflammatory pathologies through various receptors, including AGER.[@cit0028]^,^[@cit0041]^,^[@cit0042] We demonstrated that blocking the TFAM-AGER pathway limits spautin-1-induced ICD. These findings reinforce the notion that mitochondrial signals control danger signals and immune responses.[@cit0043]^,^[@cit0044]

In summary, the current studies summarize preclinical evidence that spautin-1 elicits ICD in DAMP-associated adaptive immunity. The immunogenicity of spautin-1-induced apoptosis is controlled by TFAM, which may restore anticancer immunesurveillance. Further investigations are needed to identify the significance of TFAM release in other forms of ICD driven by different anticancer agents.

Materials and methods {#s0004}
=====================

Antibodies and reagents {#s0004-0001}
-----------------------

The antibodies to MAP1LC3B (\#3868), actin (\#3700), c-CASP8 (\#8592 and \#9496), C-CASP9 (\#9505 and \#9509), BAD (\#9268), BBC3 (\#4976), BAX (\#2772), BCL2L1 (\#2764), BCL2 (\#2872), C-CASP3 (\#9664), JNK (\#9252), p-JNK (\#9255), ERK (\#4695), p-ERK (\#4370), p38 (\#8690), p-p38 (\#4511), JUN (\#9165), and p-JUN (\#3270) were obtained from Cell Signaling Technology (Danvers, MA, USA). Monoclonal anti-HMGB1 neutralizing antibody (clone 2G7) was a gift from Dr. Kevin Tracey. Monoclonal anti-TFAM neutralizing antibody (clone F-6; \#sc-166965) was obtained from Santa Cruz Biotechnology (Dallas, Texas, USA). Monoclonal anti-AGER neutralizing antibody (clone 697023; \#MAB11795) was obtained from R&D System (Minneapolis, MN, USA). Spautin-1 (\#S7888), 3-methyladenine (\#S2767), LY294002 (\#S1105), chloroquine (\#S4157), bafilomycin A1 (\#S1413), oxaliplatin (\#S1224), Z-VAD-FMK (\#S7023), necrostatin-1 (\#S8037), necrosulfonamide (\#S8251), ferrostatin-1 (\#S7234), liproxstatin-1 (\#S7699), SP600125 (\#S1460), SB203580 (\#S1076), SB239063 (\#S7741), SCH772984 (\#S7101), and LY3214996 (\#S8534) were obtained from Selleck Chemicals (Houston, TX, USA). 5-fluorouracil (\#F6627), TRAIL (\#T5694), Mito-TEMPO (\#SML0737), and CC-401 (\#SML1613) were obtained from Sigma (St. Louis, MO, USA).

Cell culture {#s0004-0002}
------------

All tumor cell lines were obtained from American Type Culture Collection (ATCC, USA) or the National Cancer Institute (NCI, USA). DC2.4 cells were obtained from Millipore (Temecula, CA, USA). *Ripk1^−/−^, Ripk3^−/−^*, and *Mlkl^−/−^* mouse embryonic fibroblasts (MEFs) were a gift from Dr. Douglas Green. *Gpx4^−/-^* MEFs were a gift from Dr. Marcus Conrad. *Bax^−/−^/Bak^−/−^* MEFs were purchased from ATCC. These cells were grown in Dulbecco\'s Modified Eagle\'s Medium or RPMI-1640 Medium with 10% fetal bovine serum, 2 mM L-glutamine, and 100 U/ml of penicillin and streptomycin. All cells were mycoplasma-free and authenticated by Short Tandem Repeat DNA Profiling Analysis.

Mouse CD8+ T cell isolation {#s0004-0003}
---------------------------

The EasySep™ Mouse CD8+ T Cell Isolation Kit (\#19853, STEMCELL Technologies Inc., Cambridge, MA, USA) was used to isolate CD8+ T cells from single-cell suspensions of splenocytes by negative selection. Unwanted cells were targeted for removal with biotinylated antibodies directed against non-CD8+ T cells and streptavidin-coated magnetic particles (RapidSpheres™). Labeled cells were separated using an EasySep™ magnet without the use of columns. Desired cells were poured off into a new tube.

Enrichment of splenic DCs {#s0004-0004}
-------------------------

DCs were enriched using the Dynabeads Mouse DC Enrichment Kit (\#11429D, Thermo Fisher Scientific Inc., Pittsburgh, PA, USA) according to the manufacturer\'s instructions. For enrichment of DC subsets, biotinylated antibodies were added during magnetic bead separation to obtain total splenic DCs. DC maturation was determined by flow cytometry using antibodies to CD69 (clone H1.2F3; \#11--0691-81; Thermo Fisher Scientific Inc.), CD80 (clone 16--10A1; \#11--0801-81; Thermo Fisher Scientific Inc.), CD86 (clone GL-1; \#MA1--10300; Thermo Fisher Scientific Inc.), and MHC-II (clone M5/114.15.2; \#36--5321-85, Thermo Fisher Scientific Inc.).

Cell viability assay {#s0004-0005}
--------------------

Cell viability was evaluated using the Cell Counting Kit-8 (CCK-8) (\#96992, Sigma) according to the manufacturer\'s instructions. The assay is based on utilizing the highly water-soluble tetrazolium salt WST-8 \[2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,monosodium salt\] to produce a water-soluble formazan dye upon reduction in the presence of an electron carrier. Absorbance at 450 nm is proportional to the number of living cells in the culture.

Western blot analysis {#s0004-0006}
---------------------

Proteins in the cell lysate were resolved on 4%-12% Criterion XT Bis-Tris gels (\#3450124, Bio-Rad, Hercules, CA, USA) and transferred to a nitrocellulose membrane.[@cit0045] After blocking with 5% milk, the membrane was incubated for two hours at 25°C or overnight at 4°C with various primary antibodies. After incubation with peroxidase-conjugated secondary antibodies for one hour at routine temperature, the signals were visualized via using SuperSignal™ West Pico Chemiluminescent Substrate (Thermo Fisher Scientific Inc., \#34080) or SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific Inc., \#34095) and blots were analyzed using the ChemiDoc™ Touch Imaging System (Bio-Rad). Image Lab™ Software (Bio-Rad) was used for relative quantification of bands, normalized to total protein loaded in each lane.

MAP1LC3B puncta formation assays {#s0004-0007}
--------------------------------

Cells were seeded in six-well plates and cultured in the presence of various stimuli for given times, then fixed with 3% paraformaldehyde and stained with MAP1LC3B antibody (1:500). Secondary antibodies were goat IgG-conjugated Alexa 647 fluorochromes. Nuclear morphology was visualized with the fluorescent dye Hoechst 33342 (Sigma). Images were collected using a laser-scanning confocal microscope (Fluoview FV-1000; Olympus) using a 60x Plan Apo/1.45 oil immersion objective at 25°C and were captured and analyzed by Fluoview software (FV10-ASW 1.6; Olympus, Olympus Corp, Tokyo, Japan).[@cit0048]

RNAi and gene transfection {#s0004-0008}
--------------------------

The human *Pik3c3*-shRNA-1 (Sequence: CCGGGAGATGTACTTGAACGTAATGCTCGAGCATTACGTTCAAGTACATCTCTTTTTG); human *Pik3c3*-shRNA-2 (Sequence: CCGGGTTGAAGTTCTCAGGACTATACTCGAGTATAGTCCTGAGAACTTCAACTTTTTG); human *Becn1*-shRNA-1 (Sequence: CCGGCCCGTGGAATGGAATGAGATTCTCGAGAATCTCATTCCATTCCACGGGTTTTTG); human *Becn1*-shRNA-2 (Sequence: CCGGCTCAAGTTCATGCTGACGAATCTCGAGATTCGTCAGCATGAACTTGAGTTTTTG); human *Usp10*-shRNA-1 (Sequence: CCGGCCTATGTGGAAACTAAGTATTCTCGAGAATACTTAGTTTCCACATAGGTTTTT); human *Usp10*-shRNA-2 (Sequence: CCGGCCCATGATAGACAGCTTTGTTCTCGAGAACAAAGCTGTCTATCATGGGTTTTT); human *Usp13*-shRNA-1 (Sequence: CCGGGCCAGTATCTAAATATGCCAACTCGAGTTGGCATATTTAGATACTGGCTTTTT); human *Usp13*-shRNA-2 (Sequence: CCGGCGCCTGATGAACCAATTGATACTCGAGTATCAATTGGTTCATCAGGCGTTTTT); human *Casp3*-shRNA-1 (Sequence: CCGGCCGAAAGGTGGCAACAGAATTCTCGAGAATTCTGTTGCCACCTTTCGGTTTTT); human *Casp3*-shRNA-2 (Sequence: CCGGCCTGAGATGGGTTTATGTATACTCGAGTATACATAAACCCATCTCAGGTTTTT); mouse *Casp3*-shRNA-1 (Sequence: CCGGGCACATTCTCACTCGCGTTAACTCGAGTTAACGCGAGTGAGAATGTGCTTTTTG); mouse *Casp3*-shRNA-2 (Sequence: CCGGCTACAGCACCTGGTTACTATTCTCGAGAATAGTAACCAGGTGCTGTAGTTTTTG); human *Mlkl*-shRNA-1 (Sequence: CCGGCCTCTGACAGTAACTTTGATACTCGAGTATCAAAGTTACTGTCAGAGGTTTTTTG); human *Mlkl*-shRNA-2 (Sequence: CCGGGAGTCAAATCTACAGCATATCCTCGAGGATATGCTGTAGATTTGACTCTTTTTTG); mouse *Mlkl*-shRNA-1 (Sequence: CCGGCGGACAGCAAAGAGCACTAAACTCGAGTTTAGTGCTCTTTGCTGTCCGTTTTT); mouse *Mlkl*-shRNA-2 (Sequence: CCGGGCAGGATTTGAGTTAAGCAAACTCGAGTTTGCTTAACTCAAATCCTGCTTTTT); human *Acsl4*-shRNA-1 (Sequence: CCGGGCAGTAGTTCATGGGCTAAATCTCGAGATTTAGCCCATGAACTACTGCTTTTTG); human *Acsl4*-shRNA-2 (Sequ-ence: CCGGCCAGTGTTGAACTTCTGGAAACTCGAGTTTCCAGAAGTTCAACACTGGTTTTTG); mouse *Acsl4*-shRNA-1 (Sequence: CCGGGCAGAAGATTATTGTGTTGATCTCGAGATCAACACAATAATCTTCTGCTTTTT); mouse *Acsl4*-shRNA-2 (Sequence: CCGGGCAGAGTGAATAACTTTGGAACTCGAGTTCCAAAGTTATTCACTCTGCTTTTT); human *Bad*-shRNA-1 (Sequence: CCGGCCGGAGTCGCCACAGCTCCTACTCGAGTAGGAGCTGTGGCGACTCCGGTTTTTG); human *Bad*-shRNA-2 (Sequence: CCGGGACTCCTTTAAGAAGGGACTTCTCGAGAAGTCCCTTCTTAAAGGAGTCTTTTTG); mouse *Bad*-shRNA-1 (Sequence: CCGGTGGGATCGAAACTTGGGCAAACTCGAGTTTGCCCAAGTTTCGATCCCATTTTT); mouse *Bad*-shRNA-2 (Sequence: CCGGCGAAGGATGAGCGATGAGTTTCTCGAGAAACTCATCGCTCATCCTTCGTTTTTG); human *Jun*-shRNA-1 (Sequence: CCGGTGGGTGCCAACTCATGCTAACCTCGAGGTTAGCATGAGTTGGCACCCATTTTTG); human *Jun*-shRNA-2 (Sequence: CCGGCCAGCGTATCTATATGGAATTCTCGAGAATTCCATATAGATACGCTGGTTTTTG); mouse *Jun*-shRNA-1 (Sequence: CCGGGCTGGCATCCACGGCCAACATCTCGAGATGTTGGCCGTGGATGCCAGCTTTTTG); mouse *Jun*-shRNA-2 (Sequence: CCGGCGGTGCCTACGGCTACAGTAACTCGAGTTACTGTAGCCGTAGGCACCGTTTTTG) were obtained from Sigma. Bad-cDNA (\#35567) were obtained from Addgene (Cambridge, MA, USA). *Pik3c3*-cDNA (\#RC205317) and *Usp10*-cDNA (\#RC200835) were obtained from OriGene Technologies (Rockville, MD, USA). Transfections were performed with Lipofectamine™ 3000 (\#L3000008, Invitrogen) according to the manufacturer\'s instructions.

Quantitative real time polymerase chain reaction (Q-PCR) analysis {#s0004-0009}
-----------------------------------------------------------------

First-strand cDNA synthesis was carried out using a reverse transcription system kit according to the manufacturer\'s instructions (\#11801--025, OriGene Technologies). cDNA from various cell samples was amplified with specific primers (human *Pik3c3*: 5′-GCGTTCTTTGCTGGCTGCACAA-3′ and 5′- CTCCAAGCAATGCCTGTAGTCTC-3′; human *Becn1*: 5′- CTGGACACTCAGCTCAACGTCA-3′ and 5′- CTCTAGTGCCAGCTCCTTTAGC-3′; human *Usp10*: 5′-AAATGCCACCGAACCTATCGGC-3′ and 5′- CAGCCATTCAGACCGATCTGGA-3′; human *Usp13*: 5′- CCTCTAACAGGCAGCAAGATGC-3′ and 5′- GCACTGAATGCGTTCTTCCACC-3′; human *Bax*: 5′-TCAGGATGCGTCCACCAAGAAG-3′ and 5′- TGTGTCCACGGCGGCAATCATC-3′; mouse *Bax*: 5′- AGGATGCGTCCACCAAGAAGCT-3′ and 5′- TCCGTGTCCACGTCAGCAATCA-3′; human *Bak*: 5′-TTACCGCCATCAGCAGGAACAG-3′ and 5′- GGAACTCTGAGTCATAGCGTCG-3′; mouse *Bak*: 5′- GGAATGCCTACGAACTCTTCACC-3′ and 5′- CAAACCACGCTGGTAGACGTAC-3′; human *Bid*: 5′-TGGGACACTGTGAACCAGGAGT-3′ and 5′- GAGGAAGCCAAACACCAGTAGG-3′; mouse *Bid*: 5′- CCACAACATTGCCAGACATCTCG-3′ and 5′-TCACCTCATCAAGGGCTTTGGC-3′; human *Bcl2l11*: 5′-CAAGAGTTGCGGCGTATTGGAG-3′ and 5′- ACACCAGGCGGACAATGTAACG-3′; mouse *Bcl2l11*: 5′- GGAGATACGGATTGCACAGGAG-3′ and 5′- CTCCATACCAGACGGAAGATAAAG-3′; human *Bbc3*: 5′- ACGACCTCAACGCACAGTACGA-3′ and 5′- CCTAATTGGGCTCCATCTCGGG -3′; mouse *Bbc3*: 5′-ACCGCTCCACCTGCCGTCAC-3′ and 5′- ACGGGCGACTCTAAGTGCTGC-3′; human *Bad*: 5′- CCAACCTCTGGGCAGCACAGC-3′ and 5′- TTTGCCGCATCTGCGTTGCTGT-3′; mouse *Bad*: 5′-CGACTTTTGGCATTCCGAGGCT-3′ and 5′- GTGCTCTCCTTAATCGCCGTCT-3′; human *Bcl2*: 5′-CGACTTTTGGCATTCCGAGGCT-3′ and 5′- GTGCTCTCCTTAATCGCCGTCT -3′; mouse *Bcl2*: 5′-GGGAGCAACATTCATCAGCAGG-3′ and 5′- CGTCCTCGAAAAGGGCTAAGCT-3′; human *Bcl2l1*: 5′- GCCACTTACCTGAATGACCACC-3′ and 5′- AACCAGCGGTTGAAGCGTTCCT-3′; mouse *Bcl2l1*: 5′-GCCACCTATCTGAATGACCACC-3′ and 5′- AGGAACCAGCGGTTGAAGCGC-3′; human *Mcl1*: 5′- CCAAGAAAGCTGCATCGAACCAT-3′ and 5′- CAGCACATTCCTGATGCCACCT-3′; mouse *Mcl1:* 5′-AGCTTCATCGAACCATTAGCAGAA-3′ and 5′- CCTTCTAGGTCCTGTACGTGGA-3′; human *Jun*: 5′- CCTTGAAAGCTCAGAACTCGGAG-3′ and 5′- TGCTGCGTTAGCATGAGTTGGC-3′; mouse *Jun*: 5′- CAGTCCAGCAATGGGCACATCA-3′ and 5′- GGAAGCGTGTTCTGGCTATGCA-3′; mouse *Cd80*: 5′- CCTCAAGTTTCCATGTCCAAGGC-3′ and 5′- GAGGAGAGTTGTAACGGCAAGG-3′; mouse *Cd86*: 5′- ACGTATTGGAAGGAGATTACAGCT-3′ and 5′- TCTGTCAGCGTTACTATCCCGC-3′; mouse *Ifnb1*: 5′- GCCTTTGCCATCCAAGAGATGC -3′ and 5′- ACACTGTCTGCTGGTGGAGTTC -3′; mouse *Cxcl10*: 5′-ATCATCCCTGCGAGCCTATCCT-3′ and 5′- GACCTTTTTTGGCTAAACGCTTTC-3′; mouse *Il12b*: 5′- TTGAACTGGCGTTGGAAGCACG-3′ and 5′- CCACCTGTGAGTTCTTCAAAGGC-3′; mouse *Ifng*: 5′-CAGCAACAGCAAGGCGAAAAAGG-3′ and 5′- TTTCCGCTTCCTGAGGCTGGAT-3′; mouse *Il6*: 5′- TACCACTTCACAAGTCGGAGGC-3′ and 5′- CTGCAAGTGCATCATCGTTGTTC-3′; mouse *Il5*: 5′-GATGAGGCTTCCTGTCCCTACT-3′ and 5′- TGACAGGTTTTGGAATAGCATTTCC-3′ and the data was normalized to mouse *18S Rna* (5′-GCAATTATTCCCCATGAACG-3′ and 5′-GGCCTCACTAAACCATCCAA-3′); and human *18S Rna* (5′-CTACCACATCCAAGGAAGCA-3′ and 5′-TTTTTCGTCACTACCTCCCCG-3′).

Mitochondrial membrane potential assay {#s0004-0010}
--------------------------------------

Mitochondrial membrane potential depolarization was measured using a fluorescent cationic dye, 1,1′3,3′- tetraethylbenzamidazolocarbocyanin iodide (JC-1, \#T3168, Thermo Fisher Scientific Inc., Pittsburgh, PA, USA).[@cit0013]^,^[@cit0049] JC-1 dye exhibits potential-dependent accumulation in the mitochondria, indicated by a fluorescence emission shift from green (∼529 nm) to red (∼590 nm). Consequently, mitochondrial depolarization is assessed by a decrease in the red/green fluorescence intensity ratio.

Mitochondrial ROS assay {#s0004-0011}
-----------------------

Mitochondrial ROS was measured using a fluorescent dye MitoSOX™ Red reagent (\#M36008, Thermo Fisher Scientific Inc., Pittsburgh, PA, USA). It was live-cell permeant and was rapidly and selectively targeted to the mitochondria. Once in the mitochondria, MitoSOX™ Red reagent was oxidized by superoxide and exhibited red fluorescence. It had excitation/emission maxima of approximately 510/580 nm.

Cytoplasmic cytochrome C assay {#s0004-0012}
------------------------------

Cytosol was isolated using a Mitochondria/Cytosol Fractionation Kit (\#ab65320, Abcam, Cambridge, MA, USA) according to the manufacturer\'s instructions. The level of cytochrome c in the cytosol was further assayed using a Cytochrome C ELISA Kit (\#ab221832, Abcam) according to the manufacturer\'s instructions.

CASP3 activity assay {#s0004-0013}
--------------------

The activity of CASP3 in cell lysates was assayed using the CASP3 Activity Assay Kit (\#5723, Cell Signaling Technology, Danvers, MA, USA) according to the manufacturer\'s protocol. It contained a fluorogenic substrate (N-Acetyl-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin or Ac-DEVDAMC) for caspase-3. During the assay, activated caspase-3 cleaved this substrate between DEVD and AMC, generating highly fluorescent AMC that can be detected using a fluorescence reader with excitation at 380 nm and emission between 420--460 nm.

ELISA assay {#s0004-0014}
-----------

Release of ATP (\#ab83355, Abcam), TFAM (\#ab123455, Abcam; \#ABIN429978, antibodies-online), HMGB1 (\#326054329, Shino-Test Corporation), and IFNG (\#MIF00, R&D Systems) in cell culture medium were assayed using ELISA Kits according to the manufacturer\'s instructions.

Secrete-pair luminescence assay {#s0004-0015}
-------------------------------

Indicated cells were transfected with pEZX-PG04-Bad-promoter-Gaussia luciferase /secreted alkaline phosphatase (GeneCopoeia, \#MPRM37247-PG04 and \# HPRM45437-PG04). After 48 h, these cells were treated with spautin-1 (10 µM) for 24 hours. The Bad promoter luciferase activity was measured with a secrete-pair dual luminescence assay kit (GeneCopoeia, \#SPDA-D010) in accordance with the manufacturer\'s guidelines.

Animal models {#s0004-0016}
-------------

All animal experiments were approved by the Institutional Animal Care and Use Committees and performed in accordance with the Association for Assessment and Accreditation of Laboratory Animal Care guidelines (<http://www.aaalac.org>).

A total of 3 × 10^6^ CT26 cells, untreated or treated with either oxaliplatin (50 µM) or spautin-1 (10 µM) for 24 h, were inoculated subcutaneously in 200 µl phosphate buffered saline into the lower flank of six-week-old female BALB/c mice (Charles River), whereas 5 × 10^5^ untreated control cells were inoculated into the contralateral flank seven days later.[@cit0027] The percentage of tumor-free mice was monitored every week.

Statistical analysis {#s0004-0017}
--------------------

Data are expressed as means ± SD of three independent experiments. Unpaired Student\'s t tests were used to compare the means of two groups. One-way Analysis of Variance (ANOVA) was used for comparison among the different groups. When ANOVA was significant, *post hoc* testing of differences between groups was performed using the Least Significant Difference test. The Kaplan-Meier method was used to compare differences in mortality rates between groups. A *p*-value \< 0.05 was considered statistically significant.
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